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26 1 INTRODUCTION 

27 1.1 PQQ and PQQ-Harbonng Enzymes 
28 

Pyrroloquinoline quinone (PQQ) was first proposed in the 1 960s as the third 
3Q major prosthetic group (along with pyridine nucleotides and flavins) for redox 

31 enzymes (1). After about two decades, the structure of PQQ (Fig. 1) was Fl 

determined by two groups (2,3). PQQ is the orfAo-quinone at the C4 and C5 
positions of the quinone ring. The C5 carbonyl group in the oxidized form is 
34 very reactive towards nucleophiles such as alcohols, sugars, amines, ammo- 

2g nia, cyanide, and amino acids. Knowledge about PQQ in the view of biology, 

2g biochemistry, and electrochemistry has been studied and summarized in 

2j several reviews (4 -12). Until now, many PQQ-harboring proteins or PQQ 

and heme-harboring proteins have been discovered but only in Gram- 
negative bacteria (Table 1). Most of the PQQ-harboring enzymes belonged Tl 
to dehydrogenases (4-31): PQQ methanol dehydrogenases (PQQMDH), 
^1 PQQ ethanol dehydrogenases (PQQEDH), and PQQ glucose dehydrogenases 

42 (PQQGDH). 
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^ Figure 1 The structure of pyrroloquinoline quinone (PQQ). 
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14 
15 




PQQMDHs oxidize methanol to formaldehyde during the growth of 
methyiotrophic bacteria on methane or methanol (32-34). PQQMDH from 
i7 Methylotroph sp. was the first PQQ enzyme for which a tertiary structure was 

elucidated. PQQMDH is a soluble periplastic enzyme composed of a2p2 
heterotetrameric structure (35). The catalytic subunit, the a-subunit (about 60 
kDa), possesses one PQQ molecule and one Ca f ion. The a-subunit was 
shown to be an 8-bladed 3-propeller fold (36). Other PQQ enzymes also 
appear to be B-propeller proteins. The p-propeller structure is composed of a 
repetitive folding unit called the W-motif, which is arranged circularly like the 
blades of propeller (Fig. 2). The W-motif is composed of four antiparallel B- ] 
strands. B-Propeller proteins having four to eight W-motifs have been 
2g reported (37), 

2^ PQQ-dependent alcohol dehydrogenases including PQQMDHs can be 

2 g categorized into three types. The first group named ADH I was soluble 

alcohol dehydrogenases, including PQQMDH. The difference between 
PQQMDH and PQQEDH was simply substrate specificity (34). Type I 
31 PQQEDHs are homodimers of identical subunit of 60 kDa each, and its 

structure is 8-bladed B-prope31er fold similar to PQQMDHs (38,39). ADH II 
is classified as henie-possessing PQQADH (15). The overall structure is 
composed of two domains: the N-terminal domain (1-566) as an 8-bladed 
2g B-propeller fold containing one PQQ molecule and one calcium ion in its 

2g active site and the C-terminal type I cytochrome domain (591-667) (40), The 

2 ? ADH III is a membrane-bound type alcohol dehydrogenase. ADH III is 

comprised of three subunits: a (catalytic), B (cytochrome), and small subunit 
^ (41 ,42). The a subunit has one PQQ molecule and single heme C, and B sub- 

4S unit possesses three heme C's. in an electrochemical field, direct electron 

4J transfer from PQQ to an electrode via heme C was observed (43). The 

,j substrate specificity profile of ADH III is relatively restricted compared with 

other ADHs (12). 
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PQQ-dependent glucose dehydrogenases (PQQGDHs) have also been 
studied extensively. PQQGDHs are described in the next section. 

1 .2 PQQ Giucose Dehydrogenases— The Basse Science 
and industrial Application 



30 There are two types of glucose dehydrogenases harboring PQQ as their 

31 prosthetic group (44,45). Membrane-bound type glucose dehydrogenase 

32 (PQQGDH-A) has been isolated from various Gram-negative bacteria such 

33 as Escherichia coli, Acineiobacter calcoaceticus, Pseudomonas sp., and acetic 

34 acid bacteria. (12). PQQGDH-As are all single peptide with MWs of about 87 

35 kDa containing one PQQ molecule (46,47). PQQGDH-As make a bioen- 

36 ergetic contribution via coupling of the oxidation of glucose to the respiratory 

37 chain through ubiquinone (48,49). The five genes encoding PQQGDH-A 

38 have been elucidated (46,47,50-52). The 3-D~structure of PQQGDH-A is 

39 predicted to be a ^-propeller composed of eight W-motifs, based on the 

40 homology modeling with PQQMDH (53) and also based on the CD spectro- 

41 scopy of an enzyme from which the membrane spanning region was deleted 

42 (54). The N- terminal region was predicted to be the membrane spanning the 
anchoring region (55). The authors have reported the first site-directed 
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1 mutagenesis study on a PQQ enzyme, PQQGDH-A. Since then, several 

2 mutations were introduced in this enzyme, including the studies introduced 

3 in this review, to elucidate the enzyme mechanisms (56-66). 

4 Besides the membrane-bound glucose dehydrogenase, A calcoacelicus 
§ possesses a completely different PQQGDH, the water-soluble glucose dehy- 

6 drogenase (PQQGDH-B or s-GDH), which does not share any obvious 

7 homology with the primary structures of other PQQ enzymes (67). The 
% BLAST search for PQQGDH-B homology identified two open reading 

9 frames from the E. coli K-12 strain MG1655 genome and Synechocystis sp. 

10 strain PCC6803 genome and two incomplete sequences from the genomes of 

11 Pseudomonas aeruginosa and Bordetella pertussis, The functions of these four 

12 deduced open reading frames are uncertain, and the predicted protein local- 

13 ization also differs using the prediction program (PSORT and Signal P) 

14 (68,69). 

15 PQQGDH-B is a homodimeric enzyme consisting of an identical 

16 subunit of approximately 50 kDa (67,70). The monomer has one PQQ 

17 molecule and three Ca~ 1 ions, two of which are located in the dimer interface 

18 and the third Ca 2r ion is near PQQ (68). The physiological roles of 

19 PQQGDH-B have not yet been elucidated. PQQGDH-B does not couple 

20 with the respiration chain of A. calcoaceiicus. The substrate specificity profile 

21 of PQQGDH-B is broad compared with that of PQQGDH-A. This enzyme 

22 catalyzes the oxidation of glucose, allose, 3-0-methyl-glucose, and also the 

23 disaccharide lactose, cellobiose, and maltose (71). PQQGDH-B contains a 24- 

24 amino acid signal peptide at its N-terminus and secreted in the periplasmic 

25 space after excision of the signal sequence. PQQGDH-B is also a (3-propelier, 

26 but apparently forms a 6-bladed structure (68). PQQ resides in a deep, broad, 

27 positively charged cleft at the top of the propeller near the 6-fold pseud o- 

28 symmetry axis (72). In this model, PQQ is directly exposed to the solvent. 

29 Ca 2+ ion is bound to N6, Q7A, and OS atoms of PQQ. These bonds are 

30 similar to that of PQQMDH, and it indicates that catalysis of Ca 2 + ion near 

31 the PQQ requires a cofactor. The active site of PQQGDH-B is composed of 

32 looplD2A, 3oop2D3A, loop4BC, 3oop4D5A, and loop6BC. The substrate 

33 biding residues have been reported and are included mainly in looplD2A, 

34 loop2D3A, and loop4BC (72). Among them. His 168 was specified as an 

35 important residue that works for proton abstraction from substrate because 

36 His 168 is the only base close to the glucose Ol atom, and glucose CI atom is 

37 positioned directly above the PQQH 2 C5 atom (72). 
38 

39 

40 1.3 The Industriai Significance of PQQGDH: The Glucose 
Sensors 

41 

42 Diabetes mellitus is a serious metabolic disorder that places patients at 
increased risk of coronary and vascular disease, as well as debilitating 



MD: SVENDSEN, JOB: 03144, PAGE: 267 



4709-7_Svendsen_Ch12_R1_042303 



Igarashi and Sode 



1 conditions such as retinopathy, nephropathy, and neuropathy. Therefore 

2 rapid and accurate blood glucose monitoring is essential for treating critically 

3 ill patients and managing diabetic patients. 

4 The glucose sensor is a traditional biosensor and was first reported by 

5 Clark in 1962 (73). Clark's sensor was based on glucose oxidase (GOD) as its 

6 sensor constituent, and GOD-based glucose sensors dominate the current 

7 market. GOD is categorized as a stable protein and may be easily produced 
% and purified from Aspergillus sp. GOD is an electron mediator-type glucose 

9 sensor. The inherent property of GOD is that it utilizes oxygen as the electron 

10 acceptor. This limits the further application in this field because enzyme 

11 activity is a function of oxygen partial pressure (74-76). Various glucose 

12 sensors employing PQQGDHs have been reported (77-81). 

13 The merits of using the PQQGDHs as a glucose sensor component are 

14 as follows: 

Jg 1. PQQGDHs show high catalytic efficiency compared with GOD. 

^ The high activity allows rapid glucose sensing. 

^ 2. PQQ is tightly bound to GDH; therefore it is not necessary to add 

J2 an extra cofactor like NAD (P). 

20 3. PQQGDHs do not utilize dissolved oxygen as its electron acceptor 

2j during glucose oxidation. This property enhances accurate mea- 
surement of glucose in the human blood. 

23 Focusing these merits, PQQGDH-B glucose sensors are already on the 

24 market. However, despite their superior features, further improvements are 

25 required. This is particularly true when PQQGDH is compared with GOD, 

26 which has better substrate specificity and operational stability. The establish- 

27 ment of economical recombinant enzyme production system is also essentia!. 

28 The authors' research group initiated and is currently the only group 

29 engaged in the protein engineering of PQQGDHs to develop an optimized 

30 glucose sensor enzyme. This review summarizes the current status of 

31 PQQGDH protein engineering. 
32 

33 
34 

35 Highly homologous primary structures have been observed in PQQGDH-As, 

36 which have been cloned from various Gram-negative bacteria; however, the 

37 enzymatic characteristics are dependent upon the derived bacterial sources. 

38 Although their tertiary structure was hard to elucidate due to hydrophobic 

39 properties, the highly homologous primary structure of this protein enabled 
us to initiate the protein engineering of this enzyme based on the homologous 

41 recombination to construct a chimeric enzyme library (58,60,63). 
42 



2 PROTEIN ENGINEERING OF PGQGDH-A AQ1 
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1 Among various properties, we focused on the difference in the eofactor 

2 binding stability as the marker for the chimeric enzyme library. PQQGDHs 

3 require divalent ion for holoenzyme formation with PQQ; however, divalent 

4 ions such as Ca 2 : are removed by the presence of chelating reagents such as 

5 EDTA, resulting in apoenzyme formation (82). Therefore EDTA tolerance 

6 can be interpreted as an indicator of eofactor binding stability. A. calcoace- 

I ticus PQQGDH-A is a representative EDTA-tolerant enzyme, whereas E, coli 

8 PQQGDH-A is a representative EDTA-sensitive enzyme (57,58,70). The 

9 highly homologous primary structure between E. coli and A. calcoaceticus 

10 PQQGDH-A structural genes provided a strategy for the construction of a 

II chimeric enzyme library based on homologous recombination. The inves- 

12 ligation of the chimeric PQQGDH-A library resulted in the elucidation of the 

13 region responsible for EDTA tolerance (58,60) (Table 2). T2 

14 One of the chimeric enzymes (designated as E97A3) showed the increase 

15 in the thermal stability of which the N-terminal 97% region is from E. coli and 

16 the remaining 3% is from A. calcoaceticus PQQGDH-A (57). This observa- 

17 tion suggested that the interaction between C-tcrminai and N-terminal 

18 regions may play a crucial role in maintaining the overall structure of p- 

19 propeller proteins (63). 

20 We have also carried out the first site-directed mutagenesis studies on 

21 PQQ enzymes, particularly PQQGDH-A, focusing on the C-tcrminal highly 

22 conserved region, previously postulated as the putative PQQ binding site (83). 

23 Cleton-Jansen et al. (50) reported an altered substrate specificity of a mutant 

24 PQQGDH-A in Gluconobacter oxydans, for which substrate specificity was 

25 enlarged by the substitution of the conserved C-terminal His region . Based on 

26 this information, site-directed mutagenesis studies on the conserved C- 

27 terminal His residues of E. coli PQQGDH-A (His775) and of A . calcoaceticus 

28 (His781) were carried out (59,62). The substitution of E. coli His775 to Asn 

29 showed the increase in both Krn value (from 0.9 to 1.5 mM) and Vmax/Km 

30 ratio (from 116 to 287 U/mg protein mM) for glucose compared with wild 

31 type (Table 2), The substrate specificity of His775Asn drastically changed and 

32 increased vs. wild-type E. coli PQQGDH-A. The Vmax/Km ratios for all 

33 substrates except for glucose decreased as compared with wild type; con- 

34 sequently, His775Asn scarcely oxidized sugars other than glucose. His775Asp 

35 also showed a significant increase in Km values for all des used in 

36 the study (Table 2), and showed improvement of the substrate spec 

37 compared with wild-type E. coli PQQGDH-A, as did His775Asn. Amino acid 

38 substitution at His781 in A. calcoaceticus also significantly affected substrate 

39 specificity. 

40 On the basis of the accumulated information from these studies, we 

41 constructed an enzyme composed of all the regions that showed improved 
42 
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1 enzymatic characteristics with the goal of engineering an optimized sensor 

2 enzyme. 

3 Multichimeric PQQGDH-As with improved enzymatic characteristics 

4 were engineered by substituting and combining various PQQGDH-A eon- 

5 structs: the region responsible for EDTA tolerance (A27 region), for the 

6 thermal stability (A3 region), and for the substrate specificity (conserved His 

7 residue in PQQGDH-A) (57,63). The resulting chimeric PQQGDH-As were 
§ E32A27E38A3 His782Asn and E32A27E38A3 His782Asp. Both multichi- 

9 rneric PQQGDH-As showed increased cofactor binding stability, thermal 

10 stability, and alteration in substrate specificity. Moreover, E32A27E38A3 

11 His782Asp showed a 10-fold increase in the Km value for glucose compared 

12 with the wild-type E. coli PQQGDH-A (Table 3). T3 

13 This study indicated the complementarity of the protein regions respon- 

14 sible for the improvement of different enzymatic properties of PQQGDH-A. 
IS 

16 

17 3 PROTEIN ENGINEERING OF PQQGDH-B AQ1 

jjj 3.1 3-D Engineering Approaches 

20 We have carried out the protein engineering on PQQGDH-B for the improve- 

21 ment of thermal stability, catalytic efficiency, and enhanced substrate sped- 

22 ficity. Although the tertiary and quaternary structures of this enzyme are now 

23 available, these only provide limited information on enzyme function. 

24 Successful engineering will still require multiple strategies; our approach uses 

25 a combination of random mutagenesis and rational design of amino acid 

26 substitutions. We have been attempting to develop an optimized PQQGDH- 

27 B for sensor applications. In this section, we summarize our current efforts to 

28 engineer PQQGDH-B. 
29 

3.1.1 Glu277Lys 

32 Prior to the elucidation of the tertiary structure of PQQGDH-B, the authors 

33 carried out the site-directed mutagenesis on PQQGDH-B, the putative active 

34 site based on the enzymatic properties of PGR mutants of this enzyme (71). 

35 The random mutant enzyme found in our laboratory, designated as No. 87, 

36 contained eight amino acid substitutions. This mutant showed a decreased 

37 Km value and also a decreased EDTA tolerance, indicating decreased 

38 holoenzyme and thermal stability compared with the wild type. On the basis 

39 of mut al a yses we found thi t the subst tut on of Glu277 residue with 

40 Gly was responsible for the properties of No. 87. Moreover, mutational 

41 analyses on the neighboring amino acid residues of Glu277, Asp275Glu, 

42 Asp276Glu, Xle278Phe, and Asn279His were also carried out. Considering 
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1 that Asp275Glu, Asp276Glu, and Glu277Gly showed drastic decreases in 

2 EDTA tolerance, we assumed that this region might be the PQQGDH-B 

3 active site and/or a binding site for Ca 2 + or PQQ. This was later confirmed by 

4 elucidation of the tertiary structure. Glu277 variants all showed decreased Km 

5 values and altered substrate specificity profiles. Among them, Glu277Lys 

6 showed similar enzymatic activity and thermal stability to the wild-type 

7 enzyme, but its catalytic efficiency (kcat/Km) was approximately 3-folds 

S higher compared to the wild type (349 to 128 s~ l mM -1 ) (Table 4), According T4 

9 to the 3-D structure of PQQGDH-B, the position of Glu277 is located at 

10 strand 4C. This strand is connected to loop4BC, one of the loop regions that 

11 creates the enzyme's cavity, Glu277 mainly interacts with Ca 2 + ion (II) that is 

12 located in the dimer interface loop region. Therefore the replacement of 

13 Glu277 with other amino acids may affect its dimer conformation. Further- 

14 more, the neighboring amino acid residue, Asp275, apparently works as one 

15 of the donated residues connecting a water molecule to Ca 2 + ion (III). Asp276 

16 is included in Ca 2+ ion binding site (I) that is located at an active site. In 

17 addition, Asn279 also contributes in connecting a water molecule to Ca 2 " l ion 

18 (III). Thus the region from Asp275 to Asn279 is the hot spot, related to all 

19 Ca 2 """ ion binding site and an active site in PQQGDH-B. We can conclude that 

20 the decreased EDTA tolerance and thermal stability are consistent with the 

21 location and function of these residues. 

22 The recent emergence of self-testing markets for blood glucose requires 

23 less painful methods for taking the sample and for enhanced measurement, 
24 

25 

26 Table 4 Kinetic Parameters of Wild-Type and Glu277Lys PQQGDH-B for Var- 

27 ious Substrates 

28 Wild type Glu227Lys 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 





Km 


kcat 


kcat/Km 


Km 


kcat. 


kcat/Km 




(mM) 


(s- 1 ) 




(mM) 


(s- 1 ) 


(s" 1 mM-') 


Glucose 


26.8 


3436 


128 000%) 


8.8 


3071 


349 (100%) 


2-Deoxy- 


90 


33! 


4 (3%) 


88 


1063 


12 (3%) 


glucose 














Mannose 


22 


267 


12 (9%) 


22 


861 


39 (11%) 


Aliose 


35.5 


2509 


71 (55%) 


21 


4563 


287 (82%) 


3-O-rnethyl- 


28.7 


3011 


105 (82%) 


27 


3198 


118 (34%) 


glucose 














Galactose 


5.3 


232 


44 (34%) 


6.8 


630 


78 (22%) 


Xylose 


14.3 


2.0! 


14 (11%) 


34 


678 


20 (6%) 


Lactose 


18.9 


1659 


88 (69%) 


7.5 


1795 


239 (68%) 


Maltose 


26 


1930 


74 (58%) 


14,3 


1015 


71 (20)% 
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1 simplicity, and reliability, Semi- or minimally invasive systems are considered 

2 optimal. Minimization of the blood or interstitial fluid (ISF) sample implies 

3 the need for high catalytic efficiency in the sensor element, As Glu277Lys 

4 showed three times higher catalytic efficiency, this variant has great potential 

5 as a component of a highly sensitive glucose monitoring system. 
6 

7 3.1,2 Ser231Lys 

9 Another PGR mutant of PQQGDH-B, Ser23 1 Cys, was found to retain higher 

10 thermal stability than the wild-type PQQGDH-B (69) (Fig. 3). Therefore the F3 

11 authors replaced Ser231 with a series of amino acids and analyzed their 

12 impact on thermal stability. Ser23 1 Lys showed the highest, thermal stability at 

13 55 °C without decreasing catalytic activity. Ser23 1 Lys showed more than an 8- 

14 fold increase in its half-life (Ser231Lys: 40 min, wild type: 5 min) during the 

15 thermal inactivation at 55 °C compared with the wild-type enzyme without a 

16 decrease in catalytic activity. Therefore higher yield in active enzyme prep- 

17 aration is expected, which may improve the cost effectiveness of glucose 

18 sensor component production using this enzyme. Moreover, higher thermal 

19 stability usually results in higher storage stability; therefore the application of 

20 this mutant enzyme as a glucose sensor constituent may develop into a stable 

21 glucose sensor construction. 
22 

23 




37 0 10 20 30 40 50 60 



^ Treatment time (min) 

40 Figure 3 Thermal stability of wild-type and Ser231Lys PQQGDH-B at 55°C. O: 

41 Ser231Lys; wild type. The residual activity of PQQGDHs was determined at 

42 25 °C. 
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1 The replacement of Ser23 1 with hydrophobic residues does not affect its 

2 thermal stability and substrate specificity profile. Furthermore, it is reason- 

3 able to suggest that the charge or the size of the side chain at the 231st 

4 positioned residue will not show any correlation with its enzymatic properties, 

5 Generally, p-propelier fold can be divided into three regions: (1) p>-sheet 

6 regions that provide scaffold structure; (2) loopBC and loopD A regions (loop 

7 regions connecting strand B and strand C, and then strand D and strand A, 

8 respectively; these lend to be the functional regions, coenzyme or metal ion 

9 binding); and (3) loopAB and loopCD regions, which are located opposite the 

10 functional regions. Since Ser231 is located in loop3CD, the replacement of 

11 this residue might not affect the catalytic properties of this enzyme. 

12 Modeling analysis of Ser231Lys suggested that the replacement of 

13 Ser231 with Lys effectively increased the hydrophobicity in the loop3CD 

14 region. This observation suggested that the increase in hydrophobic inter- 

15 action strengthened the packing of W-motif and/or p-propeller structure. 
16 

3.1.3 Asn452Thr 

19 The conserved C-terminus amino acid residues in PQQGDH-A, His775 (in 

20 E. coli PQQGDH), and His781 (in A. calcoaceticus PQQGDH-A) were 

21 shown to be responsible for their substrate specificity profiles (59,62). The 

22 primary structure of PQQGDH-B has little similarity to that of PQQGDH- 

23 As. However, in both enzymes, the orientation of the active site is in the 

24 opposite site of the region where the C-terminus and N-terminus interact to 

25 circularize the ^-propeller. On the basis of this similarity, we assumed that 

26 residues with the same 3-D orientation could affect the substrate specificity of 

27 both PQQGDH-A and PQQGDH-B. This would make the C-terminus the 

28 region of interest. Moreover, according to the structural information on the 

29 PQQGDH-B active site, substrate glucose locates in the cavity composed of 

30 1D2A, 2D3A, 3BC, 4D5A, and 6BC loops and interacts with the amino acid 

31 residues located at 1 D2A, 2D3A, and 3BC (72). However, loop6BC does not 

32 have amino acid residues that interact with glucose. One of the characteristic 

33 properties of GDH-B substrate specificity is that PQQGDH-B reacts with 

34 disaccharide such as lactose and maltose, if loop6BC is not involved in 

35 substrate binding, the engineering of loop6BC for direct substrate interaction 

36 or interaction with other loops to create indirect substrate interaction may 

37 alter the size of the cavity and create novel catalytic properties. More 

38 specifically, such engineering could result in PQQGDH-B with narrowed 

39 subst ) Therefore we have introduced amino acid substitutions 

40 into the loop6BC region to improve the substrate specificity profile. We 

41 focused on polar amino acid residues in loop6BC region and constructed a 

42 series of variants. Among these mutants, we found that Asn452Thr did, in 
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1 fact, show a narrowed substrate specificity profile without a decrease in the 

2 catalytic activity (84). 

3 Because Asn452Thr showed greater substrate specificity than the wiid- 

4 type enzyme, we investigated the effect of the presence of lactose on the 

5 glucose measurement using both wild-type PQQGDH-B and Asn452Thr 

6 (Fig. 4). When using the wild-type enzyme, with increased lactose concert- F4 

7 tration, discoloring reaction of DCIP toward 10 mM glucose increased. No 
% saturation was observed up to 25 mM lactose. In the presence of 10 mM 

9 lactose, the effect was more than 10%. This influence was due to the high 

10 affinity toward lactose and also catalytic efficiency compared with those for 

11 glucose. In contrast, when using Asn452Thr to measure glucose, the addition 

12 of 25 mM lactose only caused a 5% increase in the apparent, rate of the 

13 reaction. Furthermore, saturation is reached at around 15 mM lactose 

14 concentration, and the signal can be increased by a maximum of 5%. This 

15 was due to the lower affinity for lactose and higher affinity for glucose 

16 compared with the wild-type enzyme. Considering that Asn452Thr showed 

17 lower Vmax/Km values toward maltose and galactose than the wild-type 

18 enzyme, the engineered enzyme appears to have glucose specificity. 
19 

20 3.2 4-D Engineering Approaches 
21 

22 Optimized sensor fabrication using PQQGDH-B requires maximization of 
enzyme stability. There are several ways to increase the protein thermal 



24 
2S 




0 5 10 15 20 

Lactose concentration (mM) 



40 Figure 4 The reactivity of wild-type and Am452Thr PQQGDH-B toward 10 mM 

41 glucose in the presence of lactose. O: Asn452Thr; ®: wild type. The rate of reaction 

42 toward 10 mM glucose, in the absence of lactose, is presented as 100%. 
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1 stability, such as increasi 5 the in -i ktionofamin. c csponsible 

2 for conformational stability using site-directed mutagenesis. It has also been 

3 proposed that by excluding conformers that are in the denaturation pathway, 

4 the stability of protein may be enhanced. On the basis of the assumption that 

5 the first step of the inactivation of PQQGDH-B is dimer dissociation, the 

6 stabilization of quaternary structure should enhance the stability of 

7 PQQGDH-B. 

% In order to prevent the dissociation of quaternary structure, we designed 

9 chemically cross-linked PQQGDH using glutaraldehyde (81). Chemically 

10 linked PQQGDH-B showed higher thermal stability than wild-type enzyme; 

11 the half-life at 55°C is 63 min whereas that of native enzyme is 4 min. This 

12 suggested that the thermal stability of PQQGDH-B is significantly improved 

13 by stabilizing quaternary structure. However, chemical modification resulted 

14 in a decrease in specific activity (less than 10% of native enzyme) as a result of 

15 nonspecific modification of amino acid residues. Therefore additional 

16 rational design parameters must be applied. 

17 Here we present our efforts in stabilizing PQQGDH quaternary struc- 

18 lures by protein engineering (Table 5), T5 
19 

20 3.2.1 Tethered PQQGDH-B 

21 
22 
23 
24 
2S 
26 
27 
28 
29 
30 
31 

32 Table 5 Comparison of the Enzymatic Properties of I 

33 neered PQQGDH-Bs 
34 
35 
36 
37 
38 
39 
40 
41 

42 a Mixture of cross-linking status. 



In order to decrease dissoc 1 »f PQQGDH-B suhurtils, we 

have attempted to construct a linked dimeric PQQGDH-B by the in-frame 
gene fusion technique (85). A tethered PQQGDH-B is constructed using the 
linker peptide, "Glu-Leu-Gly-Thr-Arg-Gly-Ser-Ser-Arg-Val-Asp-Leu-Gln," 
derived from a part of p-galactosidase in expression vector pTrc99A. We 
produce a tethered PQQGDH-B in is. coli as the active soluble enzyme (86), 
This enzyme shows enhanced thermal stability over the native enzyme 
expressed in E. coli. At incubation temperatures above 45 °C, the residual 
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activity of a tethered PQQGDH-B is more than twice that of the native 
dimeric enzyme. Moreover, we evaluate the thermal stability at 55°C using 
half-life time. A tethered PQQGDH-B shows longer half-life time at 55 a C (17 
min) compared with the wild type (5 min) (Fig. 5). The Vmax value of tethered FS 
PQQGDH-B is 897 U/mg protein with about 10-40% of the catalytic activity 
of the native one. The presence of the linker region prohibits the complete 
dissociation of the subunits. By linking the subunits, the entropy of denatu- 
ration decreased with a concomitant increase in the thermal stability. How- 
ever, the length and flexibility of linker peptide should be further optimized to 
construct a thermostable tethered enzyme with appropriate catalytic activity. 

3.2.2 Ser415Cys 

Although the stabilization of the quaternary structure of PQQGDH-B by the 



chemical mod; 
thermal stabili 
catalytic activi 



fication (81) or tethering with linker peptide (86) improves the 
ity of PQQGDH-B, these modifications resulted in a decrease in 
ity. We therefore attempted to introduce disulfide bond into the 
dimer interface of PQQGDH-B to form covalent bonds between subunits and 
to stabilize its quaternary structure (87). We searched the residues, which are 
not associated with the active site but face each other. We specified Ser415; 
this residue is in ioopSCD, does not participate in the active site, and faces the 
dimer interface. The distance between each side chain is 6.12 A (Oy-Cty), so 



100 #- 




5 10 15 20 25 30 35 40 

Treatment time (min) 

Figure 5 Thermal stability of wild-type and tethered PQQGDH-B at 55°C. O: 
Tethered PQQGDH-B; ®: wild type. Tne residual activity of PQQGDHs was 
determined at 25 °C. 
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1 that a disulfide bond, may be formed after the substitution of a Cys residue. 

2 Ser4 1 5 is therefore selected for substitutions to Cys. Ser415Cys shows 36 

3 times higher thermal stability at 55 a C than wild type (half-life; 183 vs. 5 min) 

4 without any decrease in catalytic activity (kcat; 3461 s -1 ) (Fig. 6). Moreover, F6 

5 after incubation at 70°C for 10 min, Ser415Cys retains more than 90% of 

6 GDH activity. Disulfide bond formation between the subunits is confirmed by 

7 comparing SDS-PAGE in the presence or absence of reductants. Our results 
% indicate that the introduction of one Cys residue in each monomer of 

9 PQQGDH-B resulted in the formation of a disulfide bond at the dimer 

10 interface and thus achieving a large increase in the thermal stability of the 

11 enzyme. Ser41 5Cys shows about four times higher thermal stability compared 

12 withSer231Lysat55°C. 
13 

14 

j 5 3.3 Recombinant Production of PQQGDH 

16 Considering the huge market for self-monitoring blood glucose sensors, and 

17 the potential to engineer these enzymes, the next obvious challenge is to 

18 produce recombinant enzymes efficiently in recombinant systems. 

19 The expression of each recombinant PQQGDH-A and PQQGDH-B of 

20 A. calcoaceticus or PQQGDH-A of E. coli using E. coli as the host strain was 

21 first reported by Cleton-Jansen et al. (67). Since both enzymes require PQQ 

22 and bivalent metal ion for enzymatic activity, recombinant PQQGDHs in E. 
23 



24 
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40 Figure 8 Thermal stability of Ser4I5Cys PQQGDH-B compared with wild-type 

41 and Ser231Lys at 55°C. O: Ser415Cys; •: wild type; ■: Ser231Lys. The residual 

42 activity of PQQGDHs was determined at 25 °C. 
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1 coli were produced as apocnzymcs. We found that the apo-PQQGDHs are 

2 less thermally stable than hoIo-PQQGDHs. In order to prevent the denatu- 

3 ration of recombinant PQQGDHs during E. co/i-based production, we first 

4 tried recombinant PQQGDH-A production with PQQ in the medium (88). 

5 The presence of PQQ and Ca"" ! " in the medium resulted in increase produc- 

6 tivity. It is known that PQQ is synthesized in several microorganisms, 

7 including Acinetobacter, Pseudomonas, and Klebsiella, and the operon- 

8 encoding PQQ biosynthetic pathway has been cloned from several genera. 

9 The introduction of the PQQ biosynthesis operon from E. coli enabled the 

10 PQQ biosynthesis. An E. coli strain carrying both a vector with the 

11 Klebsiella-dcrived PQQ biosynthesis operon (89) and an expression vector 

12 for the PQQGDH-A structural gene was generated. This double recombi- 

13 nant produced hoio-PQQGDH-A. However, this system had the problem 

14 that the population of E. coli cells harboring both plasmids decreased during 

15 cultivation. 

16 Considering the genetic instability, the integration of the PQQ operon 

17 into the host chromosome may be preferable. Alternatively, a PQQ-synthesiz- 

18 ing bacterium could be used as the expression system of PQQGDH in such 

19 microorganisms which was also reported in Acinetobacter strains and Pseu- 

20 domonas strains. However, the use of the broad host range vectors in these 

21 host strains has inherent problems with respect to the production of recombi- 

22 nant proteins. 

23 However, Klebsiella can synthesize PQQ and also maintain several E. 

24 coli expression vector systems. We recently reported recombinant PQQGDH - 

25 B production utilizing Klebsiella pneumoniae as the host strain and a conven- 

26 tional E. coli expression vector for PQQGDH-B production (90). The 

27 recombinant K. pneumoniae expressed PQQGDH-B in its holoform at levels 

28 about equal to that, achieved in recombinant. E. coli (Fig. 7). The signal F7 

29 sequence of recombinant PQQGDH-B was correctly processed. 

30 In the above-mentioned recombinant systems, PQQGDHs are being 

31 accumulated in the cell during production. Therefore cell disruption is 

32 essential for the recovery of holoenzyme. Considering that PQQGDH-B is 

33 secreted in the periplasmic space of the Gram-negative bacteria by posttrans- 

34 lationally processing the signal peptide, extracellular production of recombi- 

35 nant PQQGDH-B will be expected. We have achieved this type of production 

36 of PQQGDH-B using the inethylotrophic yeast P i \ stori P. pastoris is 

37 known for the expression of heterologous genes requiring secretion. One of 

38 the important factors for this system is the alcohol oxidase I (AOX1) 

39 promoter of P. pastoris which can regulate the express ion of f< reign genes 

40 by the concentration of methanol. Furthermore, since the molecular genetic 

41 manipulation of P. pastoris is similar to that of the well-characterized 

42 Saccharomyces cerevisiae expression system, P. pastoris is also widely accep- 
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Figure 7 Time course of PQQGDH-B production in E. coli P.P2418 and K. 
pneumoniae NCTC418. •: Growth of K. pneumoniae; O: productivity in K. 
pneumoniae; growth of E. coir, □: productivity in E, coli. Each culture contains 
1 mM CaC3 2 . 
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Figure 8 Growth curve and GDH production in recombinant P. pasloris. ®: Ceil 
concentration OD600; O: produced PQQGDH-B (kU/L). 
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ted. Instead of the native signal sequence of PQQGDH-B, the S. cerevisiae ct- 
factor signal sequence was used for the secretion of PQQGDH-B in P. pastoris 
(91). The productivity of secreted PQQGDH-B reached 218 kU/'l (43 mg/1) 
which was almost the same as that of the recombinant PQQGDH-B pre- 
viously produced in E. coli (Fig. 8). The secreted PQQGDH-B in P. pastoris F8 
was glycosylated but showed similar enzymatic properties as compared with 
those of the recombinant PQQGDH-B produced in E. coli. Further optimi- 
zation of the downstream process and culture condition for high-level 
production of the recombinant PQQGDH-B by P. pastoris is expected to 
achieve industrial level production. 

4 APPLICATION OF ENGINEERED PQGGDH FOR GLUCOSE 
SENSORS AND FOR DNA SENSORS 

4.1 Glucose Sensors 

Ultimate goal in the engineering of PQQGDHs is the construction of an 
optimized enzyme for monitoring glucose. 

Our first attempt involved the utilization of engineered PQQGDH-A 
for the construction of a glucose sensor with extended dynamic range (92). 
Fig. 9 shows the correlation between glucose concentration and enzymatic F9 
activities of both wild-type E. coli PQQGDH-A and His775Asp. The enzy- 
matic activity of wild-type E. coli PQQGDH-A almost saturated at the 
glucose concentration higher than 10 mM. The enzymatic activity of 
His775Asp increased with the increased glucose concentration between 10 




Gfucose concentration (mM) 



Glucose concentration (mM) 



FigureS A calibration curve ( il! i 
PQQGDHs, His775Asn and His775Asp. □: His775Asn (linearity; 2 -31 mM); ®: 
His775Asp (linearity; 9-80 mM); O: His775Asn and His775Asp (linearity; 3-70 mM). 
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1 and 50 mM. With diabetes, glucose concentration in blood is often over 200 

2 mg/dl (11.1 mM). Considering that in disposable glucose sensors blood 

3 samples are directly subjected to the sensor element, the high Km value of 

4 His775Asp is an important property of the sensor element. The increased 

5 dynamic range of glucose measurement with the eng m enabled 

6 us to develop a strategy for a glucose sensor with an expanded dynamic range 

7 (92). The proposed strategy improves the dynamic range of the biosensor by 
% utilizing protein-engineered PQQGDH-As with different Km values, which, 

9 in turn, expands the dynamic range. 

10 The composite extended-range glucose sensor employing two engi- 

11 nccrcd PQQGDH-As, His775Asp and His775Asn, was demonstrated. The 

12 extended-range glucose sensor showed not only an expanded dynamic range 

13 (3-70 mM), but also greater substrate specificity for glucose due to the 

14 engineered enzymes (Fig. 9). 

15 Another type of glucose sensor was constructed utilizing one of the 

16 multichimeric PQQGDH-As, E32A27E38A3 His782Asp, with increased 

17 cofactor binding stability, thermal stability, an alteration in substrate 

18 specificity, and increased Km value for glucose compared with the wild-type 

19 E. coli PQQGDH-A (93). The application of E32A27E38A3 His782Asp in 

20 amperometric glucose sensor construction achieved an expanded dynamic 

21 range together with increased operational stability and greater substrate 

22 specificity. The glucose sensor can measure glucose from 5 to 40 mM, which 

23 should allow for the direct measurement of high blood glucose levels in 

24 diabetic patients. 

25 We have also reported a glucose enzyme sensor with engineered 

26 PQQGDH-B. We employed the enzyme with increased thermal stability, 

27 Ser23 1 Lys (8 1). The residual activity after heat treatment at 60 a C for 2 h was 

28 80% of the initial activity, whereas the electrode fabricated with wild-type 

29 PQQGDH-B was 30% (Fig. 1 0). This result showed that the sensor employ- FW 

30 ing Ser23 1 Lys exhibited significantly enhanced thermal stability and promises 

31 a high operational stability. 
32 

4.2 Application of PQQGDH for DNA Sensors 

35 DNA sensing has become very important since it is a powerful tool for 

36 detection of the toxic microorganisms in food (or the environment) and may 

37 also be used for fundamental studies in molecular biology (94). Many types of 

38 DNA sensing systems have been developed such as DNA microarrays based 

39 on fluorescence detection of the hybridization using the probe DNA labeled 

40 with fluorescent compounds. An electrochemical DNA sensing system would 

41 also be of interest since it only requires an electrode and relatively simple 

42 electrochemical instrumentation. Most current electrochemical DNA sensing 
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Heat treatment time (h) 

Figure 10 Thermal stability of the sensor employing PQQGDH-Bs at 6Q°C. O; 
Ser231Lys; •: wild type. After heat treatment, the responses at 0.99 mM glucose 
were measured at 25 t: C. The measurement was carried out in 30 mM MOPS-NaQH 
(pH 7.0) containing 1 mM methoxy-PMS, 3 fiM PQQ, and 1 mM CaCl 2 . The 
operating potential: + 100 mV vs. Ag/AgCl; temperature for measurement: 25 °C. 



systems are based on electrocbemically active probes that, detect the hybrid- 
ization events. Examples include the use of redox intercalators to recognize 
the double-stranded DNA, DNA detection via a DNA-mediated electron 
transfer to the electrode using mediators, and the use of ferrocene-labeled 
oligonucleotide probe which is hybridized to the DNA immobilized on the 
electrode. To improve the sensitivity, an enzyme label was used for the detec- 
tion of hybridization since enzyme labels can dramatically amplify the signal 
produced by DNA hybridization. We proposed a novel DNA sensing system 
utilizing PQQGDH-B as the probing enzyme for DNA detection. 

In order to detect the hybridization of the DNA probe with the target 
DNA, the PQQGDH was chemically conjugated with avidin. Using the 
sensor system, we aimed to detect the specific DNA sequence of a pathogenic 
bacteria, Salmonella virulence (invA) gene. The probe DNA bearing comple- 
mentary to the specific sequence of invA gene was immobilized onto the 
carbon paste electrode, and the biotinylated target DNA was hybridized to it. 
After the hybridization, PQQGDH-avidin conjugate was added, and the 
electric current, generated from glucose oxidization catalyzed by PQQGDH 
via 1-methi > \\ phenazme methosulfate fm-PMS) as a mediator was measured. 
The sensor response was increased by glucose addition, and it increased in the 
range from 5. Ox 10"" s to 1.0x10" 5 M as O n - " 

presence of 6.3 mM glucose (Fig. 1 1). Fll 
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DNA concentration (M) 

Figure 1 1 Calibration curve of the sensor employing PQQGDH-B for DNA. The 
gray colored region displayed the measurable concentration in this study. For 
measurement, 0.2 unit of the PQQGDH -avidin conjugate was added to 10 ml of 10 
mM MOPS-NaOH (pH 7.0) containing 1 mM m-PMS, 1 mM CaCl 2 , 1 uM PQQ, 
and 6.3 mM glucose. The operational potential: 4- 100 mV vs. Ag/AgCl, Temper- 
ature for measun ai I 25 °C. O: Probe DNA; ®: control DNA. 



Routine use of DNA-based analyses, such as SNP or pathogen detec- 
tion, will require both simplicity and sensitivity in sensor design. Our DNA 
sensing system has the advantage of stability of substrate compared to 
the peroxidase since the hydrogen peroxide is very reactive and decreases 
quickly. Glucose oxidase (GOD) may also be used, but the samples for 
DNA sensing can be from sources such as human blood, foods, and soils so 
that the dissolved oxygen concentration (a variable in the GOD reaction) 
might differ. 

5 CONCLUSION 

Due to the high specific activity of PQQGDH-B vs. PQQGDH- A, current 
glucose sensor technology employing GDI! is limited to PQQGDH-B. 
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1 However, comparing the catalytic efficiencies (kcat/Km) of both PQQGDH- 

2 A and PQQGDH-B, no significant difference is observed. Considering the 

3 narrow substrate specificity of PQQGDH-A, the development of enzyme 

4 sensor employing this enzyme will expand the use of quinoprotein dehydro- 

5 genases. The applications of GOD may be limited due to its low catalytic 

6 efficiency (compared with both types of PQQGDH) and its dependence on 0 2 

7 partial pressure. Our recent advances in the protein engineering of 
% PQQGDHs indicate that these enzymes may be the most versatile and ideal 

9 for glucose sensors. Of equal importance, the application of the engineered 

10 enzyme is not limited to glucose sensors but may be used to detect DNA (and 

11 possibly other molecules) via electrochemical coupling. 
12 

13 
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